Gli3, one of three vertebrate Gli transcription factors in Hedgehog (Hh) pathway, is processed into a repressor form (Gli3R) in the absence of Hh signal and acts as the major negative transducer of the pathway. Although the role of Gli3 in embryonic patterning has been extensively studied, its role in cortical neurogenesis, especially in the regulation of neural progenitors in proliferation and cell fate specification, is largely unknown. To bypass the patterning defects caused by loss of Gli3, we conditionally deleted Gli3 after patterning was complete in mouse. Our results from birthdating and in utero electroporation experiments demonstrate that the Gli3, specifically Gli3R, is critical for specifying the fate of cortical neurons that are generated following a stereotypical temporal order. Moreover, Gli3 is required for maintaining the cortical progenitors in active cell cycle, suggesting that cells may acquire differentiated status as they turn off Gli3 expression during neurogenesis.
Introduction
Cortical neurogenesis takes place in the dorsal neuroepithelium of the telencephalon following the establishment of dorsoventral (D/V) patterning. Two distinct progenitor pools, the radial glial cells (RGCs) and intermediate progenitor cells (IPCs) , undergo extensive proliferation to establish the neocortex (Götz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009 ). Neuroepithelial cells divide symmetrically to increase the RGC pool in the ventricular zone (VZ) before embryonic day (E) 9 -10 or divide asymmetrically to generate either IPCs or postmitotic neurons in addition to RGCs after E9 -E10 (Götz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009 ). In contrast, IPCs undergo limited numbers of symmetric divisions in the basal VZ or subventricular zone (SVZ) to generate either IPCs or postmitotic neurons (Noctor et al., 2004) . Subsequently, later-born cortical neurons migrate past the older cortical neurons to form an inside-out laminar pattern of six distinct layers (McConnell, 1991) . Whereas the neurons in deeper cortical layers (V/VI) can be generated directly from the RGCs or indirectly via the IPCs, the neurons in the upper cortical layers (II/III) are generated exclusively via the IPCs (Sessa et al., 2008) .
Self-renewal or differentiation of neural progenitors is achieved by intricate genetic interactions and cell signaling pathways, including Shh (Hoch et al., 2009 ). Shh signaling is critical for establishing D/V patterning of developing neural tube (Fuccillo et al., 2006) and for progenitor proliferation and cell fate determination in ventral forebrain (Xu et al., 2005 (Xu et al., , 2010 . As a downstream component of Shh signaling pathway, Gli3 is also required for D/V patterning of neural tube and Gli3-null mice (Gli3 Xt/Xt ) lose most of the dorsal telencephalon (Theil et al., 1999; Tole et al., 2000; Fotaki et al., 2006) , preventing investigation of Gli3 function in later aspects of cortical development. The hypomorphic allele of Gli3 ( pdn) has a spared dorsal telencephalon (Friedrichs et al., 2008) , but the phenotype could be the combinatorial effect of reduced level of Gli3 protein throughout development, including the patterning stage. In addition, Gli3 plays a bifunctional role as either a major negative effector (Gli3R) in the absence of Shh or as a weak activator in the presence of Shh (Wang et al., 2000) ; which form of Gli3 is critical for cortical development has not yet been clarified. In this study, we focused on the role of Gli3 in proliferation and differentiation of cortical progenitors and fate specification of cortical neurons using conditional genetic ablation to completely remove Gli3 in the developing nervous system after D/V patterning is complete.
Materials and Methods
Mice. All mice used in this study were handled according to protocols approved by the Institutional Animal Care and Use Committee of the National Institutes of Health. Nestin-Cre (Tronche et al., 1999) , Gli3 F/ϩ (Blaess et al., 2008) , Gli3
Xt/ϩ (Hui and Joyner, 1993) , and ROSA26 R/ϩ (Soriano, 1999) R/ϩ , respectively. Birthdating and cell cycle exit. Pregnant dams were injected with 200 mg/kg body weight of BrdU at E15.5 or 20 mg/kg body weight of EdU (Invitrogen) at E14.5 for cell cycle exit and at E11.5, E13.5, E15.5, and E18.5 for birthdating experiments and analyzed at E16.5, E18.5, or postnatal day (P) 3 (see Results, below). For birthdating experiments, the number of BrdUϩ cells was counted from a single optical section of confocal microscope images in 10 equally divided bins spanning the cortical thickness and expressed as a fraction of total number of BrdUϩ cells per bin. For cell cycle exit study, confocal images were used to identify coexpression of EdU, BrdU, and Ki67.
In utero electroporation. E13.5 embryos of Gli3 F/F ;ROSA26 R/R genotypes were electroporated in utero as described previously (Gal et al., 2006) . Briefly, pregnant dams were deeply anesthetized with Nembutal and embryos in utero were injected with plasmid DNA exposed to visualize the lateral ventricle of the forebrain. In total, 4 g of DNA were injected into the lateral ventricle using a fine glass pipette needle. For loss-of-function experiments, either 4 g of RFP (red fluorescent protein) plasmid DNA or 3 g of DNA encoding Cre recombinase and 1 g of RFP plasmid were used. For the rescue experiment, pGli3R-IRESnGFP rescue construct was first generated by introducing Gli3R coding sequence (Wang et al., 2000) into pCIG vector containing IRES-nuclear GFP cassette (Megason and McMahon, 2002) . Three micrograms of Cre DNA and 1 g of pGli3R-IRES-nGFP DNA were injected into the lateral ventricles. The embryos were electroporated with five 36 V pulses (50 ms duration; each separated by 950 ms) using a BTX ECM830 pulse generator. Embryos were allowed to develop until E18.5, at which time the they were removed and brains were dissected for further analysis.
Histology and immunohistochemistry. Whole heads (E12.5) and dissected brains from intact embryos (E14.5-E16.5) or transcardially perfused animals (E18.5 and neonates) were processed for frozen sections and immunostained as described previously (Ahn and Joyner, 2005) . The primary antibodies used and their dilution factors were as follows: rabbit anti-Tbr1 (1:1000; Millipore), rabbit anti-Tbr2 (1:10,000; Millipore), rabbit anti-phospho-histone H3 (pHH3) (1:200; Millipore), rabbit antiCux1 (1:100; Santa Cruz Biotechnology), mouse anti-Satb2 (1:500; Abcam), mouse anti-MBP (1:1000; Covance), mouse anti-Nestin (1:100; Millipore), rabbit anti-Pax6 (1:500; Covance), mouse anti-BrdU (1:100; BD Biosciences), mouse anti-TuJ1 (1:500; Santa Cruz Biotechnology), rat anti-Ctip2 (1:500; Abcam), rabbit anti-GFP (1:600; Invitrogen), goat anti-LacZ (1:500; Biogenesis), and rat anti-Ki67 (1:100; Dako). The secondary antibodies used were species-specific antibody conjugated with Alexa fluorophores 488, 555, or 633 (1:500; Invitrogen). For Nissl staining, frozen sections were stained with 0.5% cresyl violet and revealed in 95% ethanol/0.1% acetic acid. TUNEL staining was performed following manufacturer's protocol using ApopTag fluorescein in situ detection kit (Millipore). EdU staining was performed following the manufacturer's protocol using Click-iT EdU Alexa Fluor 488 imaging kit (Invitrogen). Immunofluorescent images were analyzed using a Leica DM6000 microscope or Zeiss Axiovert 200M microscope with LSM510 meta confocal system and processed with Volocity (PerkinElmer), PictureFrame (Optronics), and Adobe CS3 (Adobe Systems) software.
Statistical analysis. Coronal sections of the forebrain at three to four different levels along the rostral-caudal axis were carefully matched between control and mutant animals based on Nissl histological images. For quantification of cells expressing pHH3, BrdU, RFP, GFP, Cux1, or Ctip2, a single optical section of confocal fluorescent microscope images were used to identify the cells expressing markers alone or in combination. A rectangular marquee with a fixed width spanning the entire cortical thickness was placed at a 45°angle to the cortex to approximately mark the somatosensory cortex. Next, the cells expressing each marker were counted in separate channels in Adobe CS3 Photoshop; the number of cells was divided by the area of the section to account for differences in sample size. In cases where the quantification results are represented as number of cells per unit area, the area of the cortical section analyzed was measured using the measurement feature of Volocity (PerkinElmer). Quantification results are shown as indicated in graphs as a fraction of the total number of counted cells (see Figs. 1, 2 I, J, 5D, E, 6I, J ), a number per unit area (see Fig. 3E , 4I, J, 5F; supplemental Fig. S5E , available at www.jneurosci.org as supplemental material), or normalized value to the control (supplemental Fig. S4 I, available at www.jneurosci.org as supplemental material). All statistical analyses were done with Student's t test; p Ͻ 0.05 was considered statistically significant.
Results

Gli3 in neural progenitors is required for proper cortical lamination
To overcome the early patterning defect seen in Gli3
Xt/Xt -null mice, we used Nestin-Cre (Tronche et al., 1999) and Gli3 F (Blaess et al., 2008) mice to conditionally remove the Gli3 gene in neural tissue, including the dorsal telencephalon where Cre-mediated recombination results in the complete deletion of Gli3 by E14.5 (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Since Gli3 is strongly expressed in the VZ of developing neocortex (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material) (Schimmang et al., 1992; Fotaki et al., 2006) , we first examined whether the cortical progenitors lacking Gli3 generated cortical lamination according to temporal order (McConnell, 1991) 
). We performed a series of birthdating experiments with BrdU, a thymidine analog, to label cells in their last S-phase at the time of BrdU injection (Howell et al., 1997) at E11.5, E13.5, and E15.5. Embryos were collected and the final location of the BrdUϩ cells was examined at E18.5, by which time distinct layers of neocortex are identifiable. The cells born at E11.5, before Gli3 deletion is complete in the forebrain of Gli3 cko , were mostly distributed in deeper cortical layers, similar to control (Fig. 1A,B ). The majority of E13.5-born neurons were located in upper cortical layers in control neocortices. In contrast, BrdUϩ cells were distributed more evenly throughout the cortex of Gli3 cko , with significant presence of cells in the deeper cortical layers (Fig. 1C ,D, brackets). Interestingly, we found that the E15.5-born neurons exhibited an even more pronounced bias toward deeper cortical layers in their distribution than E13.5-born neurons did (Fig. 1E ,F, brackets). To examine whether there was a delayed production of upper-layer cortical neurons in Gli3 cko , we injected BrdU at E18.5 and the brains were examined at P3. There were only few cells labeled with BrdU in controls and mutants, and Gli3 cko did not display preferential position in upper cortical layers (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Since newborn neurons reach the appropriate cortical layers by migrating along the radial processes of RGCs, we next investigated whether the positional defects in our Gli3 cko were due to the defective RGCs and found that the expression of Nestin and RC2, the markers for RGCs, were similar between controls and mutants (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material, and data not shown). These results indicate that Gli3 plays a critical role in determining the positional identity of cortical neurons generated from the progenitors.
Loss of Gli3 prolongs production of deeper cortical neurons
Next, we investigated whether the mispositioning of cortical neurons in Gli3 cko cortex was due to a change in cell fate by analyzing the molecular identity of cortical neurons born at specific embryonic stages. Upper-layer and deeper-layer cortical neurons can be identified by Cux1 and Ctip2, respectively (Molyneaux et al., 2007) . As their locations indicated, neurons born at E11.5 were predominantly Ctip2ϩ deeper-layer cortical neurons in both controls (65.0 Ϯ 7.4%) and mutants (70.2 Ϯ 9.3%, N ϭ 3 per genotype, p Ͼ 0.1), whereas hardly any neurons became upperlayer neurons (Cux1ϩ) in either case. However, there was a significant difference in molecular identity of cells born at E13.5 and at E15.5 (Fig. 2) when Gli3 is deleted in Gli3 cko . Although the cortical neurons born at E13.5 mostly became Cux1ϩ upperlayer neurons in controls, a smaller proportion of cells were Cux1ϩ in Gli3 cko (Fig. 2 A, B,I ); this reduction in production of Cux1ϩ neurons was more apparent at E15.5 (Fig. 2C, D, J ) .
Together, our results indicate that mispositioning of cortical neurons born at E13.5-E15.5 was not due to defective migration of correctly specified Cux1ϩ cortical neurons to the upper cortical layers, but rather a failure to get specified in the absence of Gli3. Interestingly, there was a persistent production of Ctip2ϩ deeper-layer neurons at E13.5 and at E15.5 in Gli3 cko in contrast to the control cortex where almost no Ctip2ϩ cells were produced at these stages (Fig.  2 E-J ) . Together, our results suggest that the Gli3 mutant progenitors have a bias to produce deeper-layer cortical neurons at the expense of upper-layer neurons.
In addition, a majority of initially formed upper-layer cortical neurons lost Cux1 expression, resulting in only small patches of Cux1ϩ neurons in postnatal Gli3 cko cortex (Fig. 3 F, G) , possibly due to the selective apoptosis of upper-layer cortical neurons in postnatal Gli3 cko ( Fig. 3C-E) . We further verified the selective reduction in the upper cortical layers with additional layer markers such as Satb2 and Tbr1 in postnatal Gli3 cko mutants (supplemental Fig.  S4 , available at www.jneurosci.org as supplemental material). Furthermore, we found that the corpus callosum, the major axonal tracts of upper layer callosal projection neurons, was also severely reduced, as demonstrated by Nissl and MBP staining (Fig. 3 H, I ), suggesting that postnatal loss of Cux1ϩ cells is partly responsible for this phenotype. Together, our results indicate that even though the reduced number of upper cortical neurons is generated from neural progenitors lacking Gli3 during development, they do not survive and mature properly to become callosal projection neurons.
IPCs are gradually lost in the absence of Gli3 due to decreased proliferation of RGCs and premature cell cycle exit Since upper-layer cortical neurons are generated via IPCs rather than directly from RGCs (Sessa et al., 2008) , we investigated whether there is any change in maintenance and proliferation of the IPCs identified by Tbr2 expression (Englund et al., 2005) in Gli3 cko that could account for observed defects in cortical lamination. We noticed that there was a gradual loss of Tbr2-expressing IPCs in Gli3 cko by E18.5 (Fig. 4 A-D, I ). Three possibilities that could result in depletion of IPCs in Gli3 cko are reduced production of IPCs from RGCs, increased apoptosis of IPCs, and premature differentiation of IPCs.
First, we examined the extent of apoptosis and found that there was no significant increase in cell death at E16.5 and only slight increase at E18.5 in Gli3 cko , suggesting that cell death is unlikely to be a major contributing factor to the loss of IPCs (Fig. 3 A, B,E) . Next, we quantified the mitotic progenitors labeled with antibody against pHH3 based on their location: the RGCs in the apical VZ (labeled with Pax6) and IPCs in the basal SVZ. We found that the number of mitotic RGCs was similar in both Gli3 cko and controls at E12.5 (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material) and at E14.5 (Fig. 4 E, F,J ) . However, the mitotic rate of RGCs in Gli3 cko gradually decreased to 72.9% of controls at E16.5 and only 57.6% of controls at E18.5 (Fig. 4G,H,J) , indicating the decreased IPCs could result from reduced mitotic division of RGCs.
Interestingly, the number of mitotic IPCs was transiently increased in Gli3 cko compared with controls at E14.5 but not at E18.5 (Fig. 4 E, F,J ) . Although this burst in mitotic activity of IPCs initially increased the number of IPCs at E14.5, it failed to sustain the size of IPC pool (Fig. 4 I) . Thus, we asked whether dividing IPCs remain in active cell cycle or become postmitotic prematurely in Gli3 cko . We injected the thymidine analogs EdU and BrdU at E14.5 and E15.5, respectively, to label cells in the S-phase of cell cycle at the time of injections and analyzed the status of cell cycle at E16.5 (Fig. 5) . Since Ki67 labels the cells in active cell cycle at the time of analysis, expression of Ki67 within cells that took up the thymidine analogs indicate the cells remaining in active cell cycle from the time of injection to the analysis. Specifically, the cells remaining in cell cycle from E14.5-E16.5 will be EdUϩ BrdUϩ Ki67ϩ, whereas cells that have exited cell cycle by E15.5 and E16.5 will be EdUϩ BrdUϪ Ki67Ϫ and EdUϩ BrdUϩ Ki67Ϫ, respectively (Fig. 5C) . Thus, the ratio of the number of thymidine analogϩ Ki67Ϫ cells to the total number of thymidine analogϩ cells indicates the proportion of cells that have left the cell cycle (Chenn and Walsh, 2002) . We found that a greater portion of mutant cells (77.8 Ϯ 8.9%) that were mitotic at E14.5 became postmitotic by E15.5 compared with the controls (60.0 Ϯ 7.4%, p ϭ 0.00008, N ϭ 3 per genotype) (Fig. 5D, green) . There was also a significant increase in cells mitotic at E14.5 exiting cell cycle by E16.5 in Gli3 cko (8.7 Ϯ 3.5%) compared with the control (4.43 Ϯ 1.6%, p ϭ 0.002, N ϭ 3 per genotype) (Fig. 5D, blue) . This increased cell cycle exit was also observed among cells that were dividing at E15.5 in Gli3 cko compared with the controls (Fig. 5E) . Moreover, we found that the majority of dividing cells at E14.5 were located in the developing cortical plate (CP) by E16.5 in Gli3 cko , unlike in controls where most cells remained in the SVZ and VZ (Fig.  5 A, B,F ) . Together, our results indicate that the ectopically dividing cells observed at E14.5 did not result in the increased number of IPCs but rather accelerated the premature cell cycle exit of IPCs that led to the depletion of IPCs in Gli3 cko and the eventual loss of the IPC-generated upperlayer cortical neurons.
Repressor form of Gli3 is responsible for cell-autonomous function of Gli3 in cortical development
To address the cell-autonomous requirement of Gli3, we used in utero electroporation technique to create Gli3 mutant cells in a wild-type environment. E13.5 embryos with Gli3 F/F ;ROSA26 R/R alleles were electroporated with fluorescent reporter constructs (RFP or GFP) with or without Cre recombinase and brains were collected at E18.5. We verified Cremediated recombination in electroporated cells by the lacZ expression from ROSA26 R/R allele (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material) and assumed these cells as Gli3 mutant cells. Control electroporated cells behaved as expected for cells born at E13.5 (Fig. 1) by becoming upper-layer cortical neurons, as indicated by their location and Cux1 expression (Fig. 6 A, E) and did not become Ctip2ϩ deeper-layer cortical neurons (only three Ctip2ϩ RFPϩ cells among 411 RFPϩ cells counted in five animals) (Fig. 6C,G) . In contrast, cells expressing Cre, thus lacking Gli3, were scattered throughout the cortex (Fig. 6 B, D) , recapitulating the phenotype of E13.5-born cells of Gli3 cko cortex (Fig.  1) . Moreover, Cre-expressing cells became less of Cux1ϩ cells (Fig. 6 B, I ) and more of Ctip2ϩ cells (Fig. 6 D, J ) , as in Gli3 cko cortex, confirming the cell-autonomous requirement of Gli3 in cortical neurogenesis.
Since Gli3 acts as either a transcriptional repressor or an activator in the context of Shh signaling through posttranslational processing (Wang et al., 2000) , we next asked which form of Gli3 mediates its regulatory role in neural progenitors. It is likely that Gli3 exists as a repressor form (Gli3R) in developing neocortex since Shh activity is localized to the ventral forebrain (Tole et al., 2000; Hébert and Fishell, 2008) even though the requirement of Shh signaling was reported in the dorsal cortex (Komada et al., 2008) . When Gli3R was coexpressed with Cre at E13.5, electroporated cells behaved like the control cells born at E13.5 by becoming the upper-layer cortical neurons in their location and Cux1 expression (Fig. 6 F, I ). In addition, the ectopic production of Ctip2ϩ cells in the absence of Gli3 was reversed and we found only two Ctip2ϩ electroporated cells among 879 cells counted in seven animals (Fig. 6 H, J ) . Together, our data demonstrate that Gli3 in the form of repressor is intrinsically required for fate specification of cortical neurons, especially those in the upper layers (Fig. 7) .
Discussion
Shh-positive signaling induces mitogenic responses in the developing cerebellum and in adult neural stem cells (Wechsler-Reya and Scott, 1999; Ahn and Joyner, 2005) . As a negative effector of the pathway, Gli3 may simply act opposite of Shh by blocking proliferation in dorsal telencephalon where Shh is not expressed and an increased proliferation would be expected upon the removal of Gli3 (Gli3R in dorsal cortex). In our Gli3 cko mutant, we indeed observed a transient increase in mitotic activity in the SVZ at E14.5 when Gli3 deletion was complete. These results suggest that Gli3 is not a simple repressor of proliferation in the develop- . E, The number of apoptotic cells per unit area shows that an increase in cell death does not occur in Gli3 cko cortex until E18.5 and is greatly increased at P3. N ϭ 3 per genotype. F, G, Lower-magnification images of Cux1 immunostaining show very weak Cux1 immunoreactivity in most of the upper cortical layers in the P21 Gli3 cko brain (G) in contrast with the strong uniform Cux1 expression (F ). Within the mutant cortex, patches of Cux1ϩ cells with bigger nuclei (g') are found adjacent to the areas with low Cux1 immunoreactivity and smaller nuclei (g"). Scale bars: F, G (in G), 1 mm; g', g" (in g"), 20 m. H, I, Nissl staining of P21 Gli3 cko brain shows reduced cortical thickness (double-headed arrows), reduced corpus callosum (single-headed arrows), and larger lateral ventricle compared with the control. Axonal projections in the presumptive corpus callosum was also greatly reduced in Gli3 cko brain, as indicated by MBP staining (h, i). Error bars represent the SD. ing neocortex. The expression level of Gli3 protein would be highest in the VZ, as deduced from the expression pattern of Gli3 transcripts (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material) (Schimmang et al., 1992; Fotaki et al., 2006) . Thus, we can postulate that the level of Gli3 protein would decrease as cells transit from the RGCs in the VZ to the IPCs in the SVZ and then to postmitotic neurons in the CP, as dictated by the stability of Gli3 protein, posing the possibility that this reduction in Gli3 protein level may trigger cells to exit the cell cycle sooner to acquire a more differentiated state and lose progenitor characteristics. In support of this theory, the increased mitotic activity of IPCs seen in Gli3 cko was not to keep them in active cell cycle (more progenitor state) but was accelerating the premature differentiation to deplete the progenitor pool (Fig. 5) . A previous report that embryonic cortical cells from Gli3
Xt/Xt mice fail to generate neurospheres and the few surviving Gli3 mutant cells spontaneously differentiate into TuJ1ϩ neurons (Palma and Ruiz i Altaba, 2004) further supports the idea that a gradual reduction or absence of Gli3 may be a key determinant step for the IPCs to become postmitotic.
Although Shh activity is not reflected by Gli1 transcription in the developing cortex (Hui et al., 1994; Tole et al., 2000; Rallu et al., 2002; Palma and Ruiz i Altaba, 2004) , Shh-positive signaling is still required for proper regulation of cortical progenitors in the developing cortex (Komada et al., 2008) . A very low level of Shh signaling, which is not sufficient to induce transcriptional response, may be capable of regulating the processing of Gli3 protein and consequently affecting the ratio between Gli activators (Gli2 and Gli3A) and repressor (Gli3R). Our results show that neural progenitors exit cell cycle prematurely in Gli3 cko (Fig. 5 ) and the Gli3R-overexpressing cells remain in the Ki67ϩ progenitor domain (supplemental Fig. S7 , available at www.jneurosci. org as supplemental material). Consistent with our theory that Gli3R is responsible for maintaining the IPCs in active cell cycle, the neural progenitors in Shh and Smo conditional mutants remain in cell cycle longer (Komada et al., 2008) , possibly due to the increased level of Gli3R.
In addition to the newly discovered role of Gli3 in cell cycle regulation, we demonstrate that Gli3R is critical in determining the fate of cortical neurons produced. Both birthdating and in utero electroporation experiments indicate that Gli3 mutant progenitors lacking Gli3(R) ectopically produce neurons with deeper cortical layer identity at the expense of neurons in the upper layers. Since cortical neurogenesis follows a temporal order of generating deeper-layer neurons earlier than upper-layer neurons, this phenotype could be caused by developmental delay in Gli3 cko . However, our findings that Gli3 cko mutants produce deeper-layer cortical neurons through E15.5 and even slightly at E18.5 argue against a developmental delay. Furthermore, the fact that we were able to not only rescue the phenotype of Gli3 mutant cells with Gli3R but also suppress the production of deeper layer neurons at a statistically significant level strongly suggests that Gli3R is the major player governing the fate of cortical progenitors.
Even though there are more selective defects in upper-layer cortical neurons in our Gli3 cko mutants, Cux1ϩ upper cortical layers still form during development, albeit to a lesser extent. We believe that this is due to the mosaic nature of a conditional deletion system that generates heterogenous population of neural progenitors. Nestin promoter (Englund et al., 2005) drives Cre activity in the RGCs but not in the IPCs starting at approximately E12.5 in developing neocortex and it takes ϳ30 h to complete three cell cycles from E12.5 (Takahashi et al., 1995; Salomoni and Calegari, 2010) . Thus, IPCs generated from RGCs before E12.5 are likely to behave as wild-type IPCs for one or two more rounds of cell cycle until approximately E14 to produce wild-type upperlayer cortical neurons at later stages. Therefore, cortical neurons D) . N ϭ 3 at E14.5 and N ϭ 4 at E18.5, per genotype. E-H, Mitotic cells are labeled with antibody against pHH3 (green) and the VZ is identified with Pax6 expression (red). Note the pHH3ϩ cells in the basal VZ and SVZ (arrowheads) at E14.5 Gli3 cko (F ). I, Quantification of Tbr2ϩ IPCs shows a slight increase at E14.5 followed by a great reduction at E18.5 in the mutants compared with the controls. J, Quantification of pHH3ϩ cells based on their location (I ) shows that more IPCs are dividing at E14.5 in Gli3 cko (basal pHH3ϩ) and the number of mitotic RGCs in the mutants is less than controls at E18.5 (apical pHH3ϩ; bracket). Scale bars: A-D, 50 m; E-H, 20 m. Error bars represent the SD.
born at E13.5 could be generated from a mixed population of wild-type and mutant IPCs and become upper-layer cortical neurons. The fact that the positional bias is more pronounced among E15.5-born neurons in Gli3 cko , which are likely descendants of more Gli3 mutant IPCs than E13.5-born neurons, further supports the importance of Gli3 in fate determination of cortical neurons. In addition, postnatal loss of Cux1ϩ upper-layer cortical neurons suggests the events downstream of Gli3 progenitors Figure 5 . IPCs exit cell cycle prematurely in the absence of Gli3. A-C, Cell cycle exit was studied by labeling cells in the S-phase of cell cycle with EdU and BrdU at E14.5 and E15.5, respectively, and analyzed for coexpression of EdU (green), BrdU (blue), and Ki67 (red) at E16.5. Boxed areas of CP and SVZ are shown at higher magnification (right) to indicate cells remaining in cell cycle from E14.5 to E16.5 (EdUϩ BrdUϩ Ki67ϩ, white dashed outline and arrowheads), cells that exited cell cycle by E15.5 (EdUϩ BrdUϪ Ki67Ϫ, green dashed outline), and cells that exited cell cycle by E16.5 (BrdUϩ Ki67Ϫ, yellow dashed outline). Note that more EdUϩ cells are found in the CP in Gli3 cko than in controls. D, Cells that were dividing at E14.5 (EdUϩ) were quantitatively analyzed at E16.5 for their cell cycle status. A higher percentage of EdUϩ became postmitotic by E15.5 (EdUϩ BrdUϪ Ki67Ϫ, green) in Gli3 cko than in controls (Con). Similarly, more mutant (Mut) cells exited cell cycle by E16.5 (EdUϩ BrdUϩ Ki67Ϫ, blue) compared with controls. In contrast, there was a decrease in the number of EdUϩ cells remaining in cell cycle by E16.5 (EdUϩ BrdUϪ Ki67ϩ, yellow; EdUϩ BrdUϩ Ki67ϩ, white). E, Cells dividing at E15.5 (BrdUϩ) also increased the cell cycle exit by E16.5, as evidenced by the ratio of BrdUϩ Ki67Ϫ cells to the total number of BrdUϩ cells. F, More EdUϩ cells were found to be postmitotic in the CP of Gli3 cko compared with the control. N ϭ 3 per genotype for E14.5-dividing cell analysis. N ϭ 8 per genotype for E15.5-dividing cell analysis. Error bars represent the SD. may be required for proper maintenance and full maturation of Cux1ϩ upper-layer cortical neurons.
In summary, we provide evidence for a novel function of Gli3 apart from its earlier role in D/V patterning using conditional genetic ablation approaches. Our results demonstrate that Gli3 is required for both the generation and maintenance of IPCs and is involved in fate specification of IPC-generated cortical neurons. Future investigation of Gli3 function in other neural progenitors such as adult neural stem cells in their cell cycle regulation and differentiation would further enhance our understanding of Shh signaling pathway in neurogenesis. Schematic diagram of cortical development shows that the loss of Gli3 in RGC results in decreased production of IPCs, which further deplete themselves via increased cell cycle exit. In addition, the cortical neurons generated from mutant IPCs adopt Ctip2ϩ deeper cortical neuron identity at the expense of Cux1ϩ upper cortical neurons, which also exhibit abnormalities in their survival and maturation.
